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ABSTRACT
The ozone budget inside the middle stratospheric polar vortex (24–36 km) during the 2002–2003 Arctic
winter is studied by analyzing Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) satellite
data. A comprehensive global chemical transport model (Model for Ozone and Related Chemical Tracers,
MOZART-3) is used to analyze the observed variation in polar vortex ozone during the stratospheric sudden
warming (SSW) events. Both MIPAS measurement and MOZART-3 calculation show that a pronounced
increase (26–28 DU) in the polar vortex ozone due to the SSW events. Due to the weakening of the polar
vortex, the exchange of ozone mass across the edge of the polar vortex increases substantially and amounts
to about 3.0×107 kg according to MOZART-3 calculation. The enhanced downward transport oﬀsets about
80% of polar vortex ozone mass increase by horizontal transport. A “passive ozone” experiment shows that
only ∼55% of the vertical ozone mass ﬂux in February and March can be attributed to the variation in
vertical transport. It is also shown that the enhanced downward ozone above ∼32 km should be attributed
to the springtime photochemical ozone production. Due to the increase of air temperature, the NOx reaction
rate increases by 40%–80% during the SSW events. As a result, NOx catalytic cycle causes another 44%
decrease in polar vortex ozone compared to the net ozone changes due to dynamical transport. It is also
shown that the largest change in polar vortex ozone is due to horizontal advection by planetary waves in
January 2003.
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1. Introduction
Stratospheric ozone protects Earth’s life from over-
exposure to the harmful solar UV radiation. The vari-
ation in polar column ozone is signiﬁcant for both the
Earth UV shield and the monitoring of future strato-
spheric ozone recovery and climate changes. Since the
discovery of the Antarctic ozone hole during austral
spring (Farman et al., 1985), considerable attention
has been paid to formation and destruction of the
stratospheric ozone layer, such as impacts of hetero-
geneous reactions of halogen compounds, eruption of
volcanoes, and formation of polar clouds on strato-
spheric ozone (Solomon, 1990; Brasseur et al., 1990;
Tie and Brasseur, 1995, 1996.)
In past two decades, another important ﬁnding
related to the stratospheric ozone layer is that the
variability of stratospheric temperature has an im-
∗Corresponding Author: LIU Chuanxi, tenkeiliu@gmail.com
© China National Committee for International Association of Meteorology and Atmospheric Sciences (IAMAS), Institute of Atmospheric
Physics (IAP) and Science Press and Springer-Verlag Berlin Heidelberg 2011
986 POLAR VORTEX OZONE DURING THE 2002–2003 SSW EVENT VOL. 28
portant eﬀect on stratospheric ozone concentrations.
Manney et al. (1994) showed that ozone concentra-
tions were lower during cold Arctic winters. Fur-
ther studies showed that the processes controlling the
wintertime Arctic stratospheric ozone is very compli-
cated (Manney et al., 2003; Rex et al., 2004) and
varies dramatically from year to year as a result of
the high interannual variability in stratospheric dy-
namics (e.g., Fusco and Salby, 1999). Extreme plane-
tary disturbances during northern winters sometimes
lead to stratospheric sudden warming (SSW) events
(Scherhag, 1952). During major SSW events, the po-
lar vortex is strongly perturbed by the planetary wave
breaking. As a result, ﬁlaments of high potential vor-
ticity (PV) air are stripped oﬀ the edge of the main
vortex and are mixed with the surrounding low PV
air (McIntyre and Palmer, 1983). In the 1990s, only
a few satellite-based measurements, such as the Polar
Ozone and Aerosol Measurement experiment (POAM
II) (Randall et al., 1995) and instruments onboard the
Upper Atmosphere Research Satellite (UARS) (e.g.,
Froidevaux et al., 1994), could observe the high north-
ern latitudes. That is why most of early studies on
wintertime ozone in the northern hemisphere were con-
ﬁned southward of 60◦N (e.g., Zou et al., 2005).
Recent observations from satellite-borne instru-
ments operated by the National Aeronautics and Space
Administration (NASA), European Space Agency
(ESA), and Canadian Space Agency (CSA) provide
the unprecedented opportunity to study polar strato-
spheric ozone and other trace gases during the polar
winter season. The Arctic winter 2002–2003 is the
ﬁrst northern winter when a series of high-resolution
satellite observations with global coverage begins to
be available for polar stratospheric studies. Addition-
ally, a number of aircraft and ground ﬁeld campaigns
were also performed. These observational studies show
clear evidence that the early 2002–2003 Arctic winter
was unusually cold and experienced signiﬁcant ozone
loss (Tilmes et al., 2003; Streibel et al., 2006). Liu
et al. (2009a, c) analyzed MIPAS measurements and
MOZART-3 simulations for recent SSW events (2002–
2003 and 2003–2004) and showed that stratospheric
dynamics had important impacts on the distribution
of middle stratospheric ozone and long-lived trace gas
(N2O). They also reported a pronounced enhancement
in downward ozone ﬂux in the polar region (60◦–90◦N)
during the above two winters. However, the detailed
ozone budget inside the polar vortex was not inten-
sively studied due to these SSW events and needs to be
quantiﬁed. In addition, little attention is paid to mid-
dle stratospheric chemistry during these SSW events.
Recently, a few studies have suggested that strato-
spheric NOx chemistry plays important roles in con-
trolling polar ozone concentrations during SSW events
(e.g., Konopka et al., 2007; Flury et al., 2009). In
this study, we use the MOZART-3 model to quan-
tify the respective contribution of dynamics and chem-
istry processes to the ozone budget inside the middle
stratospheric polar vortex. The Cly and Bry chem-
istry, which dominates the polar ozone loss in the lower
stratosphere, is not considered in this study.
This paper is organized in the following way. sec-
tion 2 brieﬂy introduces the satellite observations and
the chemical transport model. Section 3.1 compares
the model result with satellite measurements and ana-
lyzes the wintertime ozone column in the polar vortex
between 24 and 36 km. In section 3.2, the dynami-
cal (horizontal and vertical transports) and chemical
contributions are quantiﬁed to study the ozone budget
inside the polar vortex. The main results are summa-
rized and highlighted in section 4.
2. Description of data and model
2.1 MIPAS data
The Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) is a limb-scanning Fourier
transform infrared spectrometer (FTIR) on board the
European Environmental Satellite (ENVISAT). Cur-
rently, the level-2 operational data of MIPAS is pro-
vided by ESA and includes the temperature and the
concentrations of O3, NO2, and a series of long-lived
trace gases (e.g., N2O, CH4, etc). In its original nom-
inal measurement mode, MIPAS scanned the Earth
limb at 17 tangent altitudes of 6, 9,. . . , 39, 42, 47, 52,
60, and 68 km. The vertical resolution is 3 km for
the 13 lowermost tangent altitudes and increases to
8 km at the upper end of the limb scan. Raspollini
et al. (2006) provided detailed descriptions of MI-
PAS measurements. The validation of the retrieved
ozone proﬁles from MIPAS level-2 operational prod-
ucts were analyzed by Cortesi et al. (2007). Their
studies showed that MIPAS ozone proﬁles have the
mean relative diﬀerence of ±10% with the individual
correlative data sets in the stratosphere. N2O par-
tial columns from MIPAS show good agreement with
ground-based FTIR observations. The biases of the
data are below 5% for all the stations. The stan-
dard deviations are below 7% for the three midlat-
itude stations, and below 10% for the high-latitude
ones (Vigouroux et al., 2007). In this study, the re-
trieved ozone and N2O proﬁles are regridded onto
73×72 (about 2.5◦ lat×5◦ lon) horizontal grid meshes
as in a previous study (Liu et al., 2009c).
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2.2 MOZART-3 model
In this study, we use the middle atmospheric ver-
sion of the three-dimensional Model for Ozone And Re-
lated chemical Tracers, version 3 (MOZART-3), which
is an extension to the middle atmosphere of its former
tropospheric versions (Brasseur et al., 1998; Hauglus-
taine et al., 1998; Horowitz et al., 2003). The de-
tailed model description and evaluation were given by
Kinnison et al. (2007). In addition to basic dynam-
ics (advection, convective transport, boundary layer
mixing, and dry/wet deposition), the model empha-
sizes detailed physical and chemical processes in the
middle atmosphere, such as vertical mixing associ-
ated with gravity wave breaking in the upper strato-
sphere and mesosphere, molecular diﬀusion of con-
stituents above 80 km, photochemical reactions asso-
ciated with halogen compounds, stratospheric hetero-
geneous processes involving sulfate aerosols and polar
stratospheric clouds, photolysis at short wavelengths
(> 120 nm), and auroral contribution to the chemical
budget. The trace gas emissions include surface emis-
sions, the NOx and CO emissions from aircraft, and
the NOx source associated with lightning, which were
described in previous studies (Horowitz et al., 2003;
Gettelman et al., 2004; Park et al., 2004). Previous
studies show that the MOZART-3 model is suitable
to represent stratosphere-troposphere exchange pro-
cesses (Gettelman et al., 2004; Park et al., 2004) and
ozone concentrations in the extratropical tropopause
region (Pan et al., 2007; Liu et al., 2009a). Recently,
the MOZART-3 model has been used to study the im-
pact of SSW events on the distribution of stratospheric
ozone and N2O (Liu et al., 2009c). The results show
that the modeling can represent the variation in the
stratospheric chemistry observed by the MIPAS satel-
lite measurements during the 2002–2003 and 2003-
2004 SSW events well. At present, the MOZART-3
model has been incorporated into the Whole Atmo-
sphere Community Climate Model (WACCM) (Sassi
et al., 2005; Garcia et al., 2007) at the National Cen-
ter for Atmospheric Research and into the Hamburg
Model for Neutral and Ionized Atmosphere (HAMMO-
NIA) (Schmidt et al., 2006) at the Max Planck Insti-
tute for Meteorology.
Like other oﬄine chemical transport models,
MOZART-3 can perform at reasonable time steps and
spatial resolutions. It can be driven by both analysis
data and general circulation model output. Kinnison
et al. (2007) examined the sensitivity of MOZART-
3 chemistry to diﬀerent meteorological datasets. In
our study, the model is driven with dynamical quan-
tities taken from the ECMWF (European Centre for
Medium-Range Weather Forecasts) operational analy-
sis performed every 6 hours. The adopted model con-
ﬁguration includes 96 Gaussian grid cells in latitude
and 192 cells equidistant in longitude, which repre-
sents a horizontal resolution of approximately 1.875◦
in both latitude and longitude. In the vertical domain,
the model has 60 levels from the surface to approxi-
mately 65 km, with vertical resolution about 0.5 km
in the middle troposphere, 1 km in the UTLS region,
and 1.5 km in other regions of the stratosphere.
In the present study, the initial condition for chem-
ical compounds is the same as that in the previous
study by Liu et al. (2009c). The seasonal simula-
tion starts on 1 December 2002 and proceeds until 1
April 2003. Since no chemical data assimilation is per-
formed to initiate the chemistry, the calculated result
before 15 December 2002 is considered as the spinup
of the model. Only the simulation after 15 Decem-
ber 2002 is used in our analysis. In addition, as indi-
cated by both numerical (e.g., Solomon et al., 1982)
and observational (e.g., Randall et al., 2005) studies,
the polar ozone concentrations in the middle and up-
per stratosphere are sensitive to the upper boundary
condition of nitrogen oxides (NOx=NO+NO2) dur-
ing polar winters. In MOZART-3, the original setup
of the NOx upper boundary condition (UBC) is de-
rived from the monthly climatology of the Thermo-
sphere Ionosphere Mesosphere Electrodynamic Gen-
eral Circulation Model (TIME-GCM) (Robe and Rid-
ley, 1994), which is an upper-atmospheric component
of the WACCM system (see Garcia et al., 2007). The
MOZART-3 NOx UBC is much higher than the MI-
PAS measurements for the value in 2002–2003 winter
(not shown). As a result, it leads to overestimation
of wintertime polar ozone destruction in the middle
and upper stratosphere (personal communication with
Guy Brasseur and Douglass Kinnison at NCAR). In
this study, the monthly mean NOx UBC in high north-
ern latitudes (northward of 60◦N) is derived from the
measured NO2 concentrations from the gridded MI-
PAS data. With this modiﬁcation of the model con-
dition, the simulated polar stratospheric ozone above
30 km is improved (not shown) and is more consis-
tent with measured results (see section 3.1). In order
to separate the photochemical ozone production from
vertical ozone transport during the springtime return
of sunshine, a “passive ozone” run is also performed
and compared with the “reactive ozone” run (see sec-
tion 3.2).
3. Results
3.1 Measured and calculated O3 and N2O
The early 2002–2003 Arctic winter was cold and
experienced signiﬁcant ozone loss in the lower part of
the polar vortex (Tilmes et al., 2003; Streibel et al.,
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Fig. 1. Measured (MIPAS) distribution of N2O (upper panels, unit: ppbv) and ozone mixing ratios (lower
panels, units: ppmv) at 30 km during the Arctic winter 2002–2003, (a and e) on 16 December 2002; (b
and f) on 20 January 2003; (c and g) on 17 February 2003; (d and h) on 5 March 2003. The bold black
modiﬁed PV isoline (35 PVU) represents the edge of polar vortex.
Fig. 2. Same as Fig. 1, but for results from MOZART-3 calculation.
2006). In this study, the ozone variation in the middle
stratospheric polar vortex is examined. A major SSW
event took place in late January 2003, which was fol-
lowed by two weaker SSW events in mid-February and
early March (Manney et al., 2005). Figure 1 shows
the measured (MIPAS) distribution of N2O and ozone
mixing ratios in the middle stratosphere (at 30 km)
in early winter (on 16 December 2002) and during the
three SSW events (on 20 January, 17 February, and 20
March 2003). The polar vortex edge is marked with
the solid modiﬁed PV contour (35 PVU). The deﬁni-
tion of the modiﬁed PV (referenced to the 475 K po-
tential temperature level) is provided by Lait (1994).
It is shown that the polar vortex plays a dominant role
in controlling the distribution of both trace gases in
the northern hemisphere. Due to the SSW events, the
polar vortex was split (on 20 January and 17 Febru-
ary 2003) and diﬀused (on 5 March 2003). The vortex
remnants were gradually diluted with air mass of mid-
dle latitudes. As a result, the gradients of N2O and
ozone in middle and high latitudes were prominently
smoothed (compare panel a with c and compare panel
e with g).
In order to use MOZART-3 to study the ozone bud-
get during the SSW events, the performance of the
model is evaluated and compared to measured results.
Figure 2 shows the horizontal distribution of calcu-
lated ozone and N2O concentrations by MOZART-3.
It is shown that the MOZART-3 model can generally
represent the variation in distribution of both ozone
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Fig. 3. Comparison of stratospheric trace gases (N2O and ozone) from MOZART-3 simulation with
MIPAS measurements at 24 (red open dots), 30 (yellow solid dots), and 36 km (black triangles)
inside the polar vortex on 20 January (upper panels) and 17 February (lower panels) 2003.
and N2O concentrations during the SSW events. A
similar comparison was performed in our previous
study (Liu et al., 2009c). The point-to-point compari-
son on 20 January and 17 February 2003, as shown in
Fig. 3, suggests that the calculated ozone concentra-
tion is generally consistent with the MIPAS measure-
ment (see panels b and d). However, there are pro-
nounced diﬀerences between the simulation and mea-
surement of N2O concentration inside the polar vortex
(see panels a and b). These diﬀerences could result
from the bias in model’s initial condition and insuﬃ-
ciency of the model’s mixing scheme near the vortex-
edge and vortex-core regions. For example, in the
vortex-core region on 20 January 2003 (with the mix-
ing ratio < 30 ppbv at 30 km), the N2O concentration
is slightly overestimated by the MOZART-3 calcula-
tion (see the orange dots in Fig. 3a). Similarly, in the
vortex-edge region (with the mixing ratio > 30 ppbv
at 30 km), the N2O concentration is prominently over-
estimated in the model simulation. These features are
also noticeable in the horizontal distribution of N2O
concentration at 30 km (compare Figs. 1b and 2b)
and exist at other altitudes (see Figs. 3a and 3d).
Figure 4 further compares the monthly average
volume mixing ratios of polar stratospheric N2O and
ozone (northward of 60◦N) from the measurement
(MIPAS) with the calculation (MOZART-3) in Jan-
uary and February 2003. As shown in Fig. 2, the
MOZART-3 result is fairly consistent with the mea-
sured N2O and ozone concentrations in the strato-
sphere (at altitudes of 24, 30, and 36 km). The cor-
relation coeﬃcients between the model and measure-
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Fig. 4. Same as Fig. 3, but for results northward of 60◦N in January (upper panels) and February
(lower panels) 2003.
ment range from 0.88 to 0.99. There also exist some
discrepancies between calculation and measurement as
shown in Fig. 4. Similar to the results in Fig. 3, the
calculated N2O concentration is underestimated when
its concentration is higher, while overestimated when
concentration is lower. As explained in the above text,
the model’s biases in both the initial condition and
mixing scheme could be the principal cause of these
discrepancies. Compared to N2O concentration, there
is much less bias in the calculated ozone concentra-
tions. As is shown in Fig. 4 (panels b and d), there
is no obvious bias for the calculated ozone in January,
but the calculated ozone in February is consistently
overestimated by 0.2–0.4 ppmv compared to the mea-
sured value. As a chemically active compound, the
discrepancy of ozone is due to both the biases of dy-
namics and chemistry in the model.
Figure 5 shows the analyzed temperature
(ECMWF) and measured (MIPAS) and calculated
(MOZART) ozone and N2O mixing ratios from 15
December 2002 to 1 April 2003. All variables are aver-
aged inside the polar vortex (35 modiﬁed PV contour)
at each altitude (with area weighted). The eddy heat
ﬂux at 100 hPa (average between 45◦N and 75◦N) is
also calculated, which can be used as an indicator for
the planetary wave activity (see panel f). As shown
in Fig. 5, the wave activity is highly correlated to
the warming of the middle stratospheric polar vortex
(compare panel a with panel f). This signal is much
clearer if you compare Fig. 3f with Fig. 5a, which is
the temperature variation in early 2003 relative to the
15–31 December 2002 average. For example, the ﬁrst
peak of wave activity occurs after 15 January 2003
(see Fig. 5f), while the middle stratospheric polar
vortex begins to warm up on around 20 January 2003.
Another example is that the second peak takes place
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Fig. 5. Evolution of temperature (ECMWF), and measured (MIPAS) and calculated (MOZART-3) ozone
and N2O mixing ratios inside the polar vortex (average with area weighted) between 24 and 36 km from
15 December 2002 to 1 April 2003: (a) temperature (units: K); (b) ozone (units: ppmv) from MIPAS; (c)
ozone from MOZART-3; (d) N2O (units: ppbv) from MIPAS; (e) N2O from MOZART-3; (f) the eddy heat
ﬂux (K m s−1) at 100 hPa (average between 45◦N and 75◦N), representing the planetary wave activity.
on 10 February 2003 (see Fig. 5f), while the polar
vortex warms again on about 15 February 2003. Both
observations (panels b and d) and simulations (panels
c and e) suggest that there are pronounced increases
in ozone and N2O concentrations during the SSW
events (during late January, mid-February, and early
March 2003). As suggested in previous studies (e.g.,
Matsuno, 1971), the strongly developed planetary dis-
turbances from the troposphere lead to pronounced
warming in the polar stratosphere within the synoptic
time scale. As a result, warm air with higher concen-
trations of ozone and long-lived trace gases (N2O in
the present study) is transported northward and di-
lutes the cold vortex remnants. Evolution of the trace
gases (panels b through e) also shows that an increase
of concentrations in the upper layers proceeds down
into the lower layers. This feature was highlighted by
Liu et al. (2009b) and was attributed to the downward
progress of the stratospheric warming and the vortex
disturbances.
Figure 6 shows the averaged column (24–36 km)
N2O and ozone in the polar vortex from both MIPAS
and MOZART-3 throughout the SSW event. It shows
that the variations in column ozone and N2O are very
similar, suggesting the dynamical processes play im-
portant roles for the variations of N2O and ozone in
the polar vortex. However, it is also noted that the
increase of N2O is larger than that of ozone, especially
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Fig. 6. Column (units: DU) N2O and ozone averaged in the polar vortex
(24–36 km) from both MIPAS and MOZART-3 throughout the winter.
during March 2003, suggesting that chemical processes
are also important in controlling the ozone variation.
The evolutions of column N2O and ozone calculated
by MOZART-3 are generally consistent with the MI-
PAS measurements, but the calculated variations are
considerably smoothed. This result implies that there
might be some biases in model’s transport schemes
and that the model’s horizontal resolution might be
too coarse to represent the ﬁne features in the present
study (see also Figs. 4 and 5). Additionally, the calcu-
lated column ozone is underestimated by about 5–10
DU throughout the winter, suggesting there are some
biases in the model’s chemistry. In order to quantify
the general eﬀect of the atmospheric dynamics and
chemistry, we calculate the increases in column N2O
and ozone during early winter (15–31 December 2002)
and early spring (15–31 March 2003) (see Table 1).
The results in Table 1 suggest that (1) the calculated
column ozone and N2O concentrations are generally
consistent with measured result, except that the col-
umn ozone is about 10%–15% lower than the measured
value. (2) The calculated trends from late December
2002 to late March 2003 are also generally consistent
with the measured trends. For example, the increases
in column N2O are 0.35 and 0.36 DU for the mea-
surement and calculation, respectively. The increases
in column ozone are 26 and 28 DU for measurement
and calculation, respectively. (3) The increment of
N2O is considerably larger than that of ozone. For ex-
ample, the measured increase in column N2O is 64%.
By contrast, the measured increase in column ozone is
only 35%. The large diﬀerence between the increases
of column ozone and N2O implies that ozone chem-
istry may play an important role, especially during
the SSW events in late winter and early spring. The
detailed ozone budget analysis can give some insights
into the importance of ozone chemistry as shown in
the following text.
3.2 Polar vortex ozone budget
In order to study the individual contributions from
both dynamical and chemical processes to the ozone
budget, we quantify the detailed ozone budget due to
horizontal advection, vertical transport, and chemical
reactions. The importance of temperature sensitivity
of the NOx-catalytic cycle to the ozone depletion dur-
ing the SSW events is also discussed.
Figure 7 (panel a) shows the evolution of tem-
perature increase (averaged in the polar vortex) rel-
ative to the December 2002 average. It shows that
the temperature increases by 10 to 18 K during the
SSW events (in late January, mid-February, and early
March 2003). These major warming events are closely
related to the upward-propagating planetary waves
from the troposphere (compare Fig. 7a with Fig.
5f) and poleward transport from the lower latitudes.
With the disturbances of the polar vortex, the hori-
zontal advection of ozone-rich air is enhanced (com-
pare Fig. 7b with Fig. 1). Table 2 compares polar
vortex ozone ﬂuxes during the SSW events with those
in December 2002, when the polar vortex was less dis-
turbed. As shown in Table 2, the horizontal ozone
ﬂuxes in January (1.16× 107 kg), February (7.2× 106
kg), and March (1.12 × 107 kg) are 190%, 80%, and
180% increased compared to the value in December
2002 (4.0 × 106 kg). As a result, throughout the ﬁrst
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Table 1. Comparison of measured (MIPAS) and calculated (MOZART-3) column (units: DU) N2O and ozone averaged
in the polar vortex (24–36 km) during the 2002–2003 winter. Increments of the column N2O and ozone are derived by
comparing the 15–31 December 2002 average and the 15–31 March 2003 average.
Trace gases
N2O (MIPAS) N2O (MOZART) O3 (MIPAS) O3 (MOZART)
15–31 Dec average 0.55 0.54 73.8 62.8
15–31 Mar average 0.90 0.90 99.6 90.9
Increment 0.35 0.36 25.8 28.1
Increase ratio 64% 67% 35% 45%
Table 2. Calculated variations of ozone mass (units: 106 kg) by dynamics (horizontal and vertical transport) and chem-
ical loss inside the stratospheric polar vortex (24–36 km) during December 2002, and January, February, and March
2003.
O3 budget analysis
Horizontal Vertical Chemical Net
December 4.0 −3.5 −0.2 0.3
January 11.6 −7.7 −0.7 3.2
February 7.2 −5.8 −1.7 −0.3
March 11.2 −11.0 −0.1 0.1
Total 34.0 −28.0 −2.7 3.3
three months in 2003 (January, February, and March),
a total of 3.0 × 107 kg of ozone mass is transported
into the polar vortex by horizontal advection. This
increase in ozone mass is 6.5 times larger than the
value (4.0 × 106 kg) in December 2002 when the po-
lar vortex is stable. The vertical advection within the
polar vortex transports ozone-poor air in the upper
stratosphere downward, diluting the ozone concentra-
tion inside the middle stratospheric vortex and causing
decreases in polar vortex ozone mass during the SSW
events. As shown in Table 2, the vertical ozone ﬂuxes
in January (7.7×106 kg), February (5.8×106 kg), and
March (1.1× 107 kg) are about 120%, 60%, and 210%
increased compared to the values in December 2002
(3.5 × 106 kg). Throughout the ﬁrst three months in
2003, the downward transport decreases by 2.45× 107
kg the ozone mass inside the polar vortex, which oﬀsets
about 80% of the ozone mass transported by horizon-
tal advection during the SSW events. As a result, the
calculated net change of ozone mass due to dynamical
processes (horizontal advection and vertical transport)
is about 5.6 × 106 kg throughout the early 2003. In
order to separate the photochemical ozone production
from dynamical ozone transport during early spring, a
“passive ozone” run is performed and compared with
the “reactive ozone” run. The result proves that most
of the horizontal advection of ozone mass is caused
by dynamics during the SSW events. However, after
1 March 2003, the enhanced downward ozone trans-
port in the upper stratosphere (above ∼32 km) should
be attributed to the photochemical ozone production
triggered by the springtime return of sunshine. Quan-
titative results show that only ∼55% of vertical ozone
mass ﬂux in February and March 2003 (as shown in
Table 2) can be attributed to the variation in dynam-
ical transport.
Stolarski and Douglass (1985) suggested that the
temperature sensitivity of stratospheric ozone is dom-
inated by that of the NOx catalytic cycle for ozone
chemical depletion. Figure 7 shows that the reaction
rates of the NOx catalytic cycle (based on JPL 02–
25 by Sanders et al., 2003) is enhanced by 40%–80%
during the warming events (see panel e), resulting in
prominent increases in chemical ozone depletion within
the polar vortex (see panel d). Table 2 shows that,
compared to the case in December 2002 (2.0×105 kg),
chemical ozone depletions are considerably enhanced
during the warming events (especially in January and
February 2003), causing a total of 2.5×106 kg of ozone
mass destruction during the ﬁrst three months in 2003.
This chemical loss oﬀsets about 44% of the ozone in-
crease produced by dynamical processes (net eﬀect of
horizontal advection and vertical transport).
Table 2 also shows the temporal variation in the po-
lar vortex ozone budget during the SSW events. For
example, in December 2002, the ozone increase due
to horizontal advection is comparable with the sum of
vertical transport and chemical loss. As a result, the
net increase in polar vortex ozone mass is only 3×105
kg. By contrast, in January 2003, the ozone increase
due to horizontal ozone advection is prominently larger
than the eﬀects of vertical transport and chemical
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Fig. 7. Temperature increase (units: K) from ECMWF analysis and cumulated ozone bud-
get (units: 106 kg) output from MOZART-3 inside the polar vortex throughout the winter:
(a) increase in temperature relative to 15–31 December 2003 average; (b) ozone mass change
by horizontal advection; (c) ozone mass change by vertical transport; (d) ozone mass change
by chemical reactions; (e) variation (%) of reaction rate constant of NOx catalytic ozone
depletion due to the temperature increase.
loss, resulting in a prominent increase in ozone mass
(3.2 × 106 kg in total). In February and March 2003,
the increase in polar vortex ozone mass by horizontal
transport is almost counteracted by vertical transport
and chemical loss. Therefore, throughout the SSW
events in early 2003, a net increase of 3.2 × 106 kg of
ozone mass results from both dynamics and chemistry.
4. Summary and conclusions
In this study, the MIPAS satellite data analysis
and the MOZART-3 model simulation are applied to
study the variations in ozone and N2O concentrations
in the polar vortex during the warming Arctic winter
2002–2003. The result shows that the model calcula-
tion is fairly consistent with the measured ozone and
N2O concentrations inside the polar vortex. The result
also shows that, throughout the Arctic winter 2002–
2003, the variations in column ozone and N2O are very
similar, suggesting that the dynamical processes play
important roles for the increases of N2O and ozone in
the polar vortex. However, it is also noted that the
increase in column N2O is larger than that in column
ozone, especially during March 2003. This implies that
chemical processes are also important in controlling
the ozone evolution. Thus, the detailed ozone budget
analysis is needed.
The ozone budget analysis shows that (1) the hor-
izontal transport of ozone into the polar vortex in-
creases signiﬁcantly due to the weakening of the vortex
by planetary waves. This leads to increase in ozone
mass by about 3.0 × 107 kg throughout early 2003
(January–March). This increase in ozone mass is 6.5
times larger than the value (4.0×106 kg) in December
2002 when the polar vortex is stable. (2) The vertical
advection also plays an important role in transport-
ing the upper-stratospheric poor-ozone air downward
into the middle stratosphere, producing a decrease in
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ozone mass during the SSW events. Throughout early
2003, the vertical advection decreases ozone mass by
about 2.45× 107 kg, which oﬀsets about 80% of ozone
mass transported by horizontal advection. However,
a “passive ozone” experiment shows that only ∼55%
of the vertical ozone mass ﬂux in February and March
2003 can be attributed to the variation in dynamical
transport. The enhanced downward ozone above ∼32
km in the “reactive ozone” experiment should be at-
tributed to the springtime photochemical ozone pro-
duction. (3) During the SSW events, the calculated
net change of ozone mass due to dynamical processes
(horizontal advection and vertical transport) is about
5.6 × 106 kg , which is more than twice as large as
the mass (2.5× 106 kg) depleted by the NOx catalytic
cycle. (4) Throughout the three SSW periods, the
chemical ozone depletion by the NOx catalytic cycle
is considerably enhanced as a result of the tempera-
ture increase. This chemical loss oﬀsets about 44% of
ozone increase produced by dynamical processes (net
eﬀect of horizontal advection and vertical transport).
(5) Both MIPAS measurement and MOZART-3 calcu-
lation show a total increase of 26–28 DU of column
ozone (24–36 km) inside the polar vortex through-
out the winter season (from 15 December 2002 to 31
March 2003). The increase in polar vortex ozone gen-
erally results from horizontal advection by planetary
waves in January 2003. The MOZART-3 analysis also
shows that, in other months (December 2002, Febru-
ary 2003), the ozone increase caused by horizontal ad-
vection is almost counteracted by the combined eﬀects
of vertical transport and chemical losses.
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